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Abstract 
In this paper, we propose novel schemes to enhance the 
error robustness of multi-hypothesis motion-compensate 
predictive (MHMCP) coder without sacrificing the coding 
efficiency significantly. The proposed method utilizes the 
concept of reference picture interleaving and data 
partitioning to make the MHMCP-coded video more resilient 
to channel errors, especially for burst channel error. Besides, 
we also propose a scheme of integrating adaptive intra-
refresh into the proposed MHMCP coder to further improve 
the error recovery speed. Extensive simulation results show 
that the proposed methods can effectively and quickly 
mitigate the error propagation and the penalty on coding 
efficiency for clean channels due to the inserted error 
resilience features is rather minor. 
1. Introduction 
To achieve better prediction accuracy, long-term memory 
motion compensation (LMMC) is proposed in H.264 to 
predict the video frames more effectively among multiple 
reconstructed frames. The term “multi-hypothesis motion 
compensated prediction (MHMCP),” an extended concept of 
LMMC, was first introduced in [1]. And by using MHMCP, 
[1] reported that the prediction error can reduce from 18% to 
40% (0.9-2.2 dB). Subsequent research works [2-5] have 
been dedicated to the theoretical analysis of the compression 
improvement and the integration of the MHMCP into H.264. 
The error robustness of an MHMCP codec against 
transmission errors has been investigated recently. Lin and 
Wang [6] addressed the error resilience property of the 
2HMCP, which presented a decoder distortion model (given 
channel conditions) and a simplified encoder distortion 
model. The proposed algorithm then selects the optima 
hypothesis weighting factor which minimize the total 
distortion. In [7], mathematical models are developed to 
characterize the error propagation effect caused by packet 
losses in an MHMCP coder. The error resiliency of MHMCP 
is also analyzed and compared to the well-known random 
intra-refresh approach. 
In this work, we propose efficient schemes for further 
improving the error resiliency of the MHMCP coder with 
two forward hypotheses involved in the prediction process. 
The error propagation of proposed adaptive joint method is 
analyzed. We also integrate an adaptive intra-refresh 
mechanism with the proposed methods to further improve the 
error recovery speed. 
2. Multi-hypothesis motion-compensated 
predictive coding 
In an MHMCP coder, macroblock (MB)/sub-block 
predictions for the kth frame are formed by linear 
combinations of multiple hypotheses, each is a block of 
pixels specified by a spatial displacement vector and a 
temporal displacement index, as formulated in (1). Note that 
if the weight for each hypothesis varies, then the weighting 
information should also be signaled in the video bitstream. 
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In this work, we focus on the 2HMCP codec, where  
MBs are predicted by the linear combination of two forward 
hypotheses, which are selected from the (k-1)th and (k-2)th 
reference frames, respectively. The actual prediction for the 
mth MB is formed by linearly combining two hypothesis 
using two weighting factors, h and 1-h, as formulated in (2). 
ˆ ( ) ( , -1) (1- ) ( , - 2)k h k k h k kψ ψ ψ= ⋅ + ⋅   (2)
 
Fig. 1. MB predictions for the 2HMCP. 
Fig. 1 illustrates the 2HMCP coder. Due to the leaky 
prediction adopted in the MHMCP coder, not all the 
concealment distortion of the corrupted frame will be 
propagated to the next frame. As a result, the distortion 
would attenuate and the error propagation is thereby 
suppressed. 
A distortion model for the 2HMCP encountering a single-
frame loss is presented in (3) which is proposed in [7].  
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where γd and θ are constant model parameters, h and 1-h are 
the weights for the first and second hypotheses, respectively. 
In this model, the distortion (MSE) value of the kth frame 
after the lost one is derived by that of the lost frame (Dd(0)). 
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3. Proposed error resilience coding 
schemes for MHMCP 
In predictive coding, when a video frame is lost during 
transmission, the decoder reconstructs the lost frame by using 
certain error concealment method, leading to error 
propagation. The drifting error will propagate to the 
succeeding frames all the way until reaching an Intra-refresh 
point. In the 2HMCP coder, the error propagation still exists 
since the predictive coding scheme is exploited as well. To 
mitigate the error propagation due to packet loss, we propose 
efficient error resilience coding methods at the encoder and 
decoder sides, respectively. We also provide theoretical 
analyses to justify the performance of the proposed methods. 
3.1. Encoder-side error resilience tools 
A. Hypothesis parameter separation 
Though the 2HMCP can suppress the error propagation 
well, the distortion of a lost frame may still be serious. The 
frame loss cannot be easily recovered by error concealment 
in the decoder. To reduce the distortion of a lost frame and 
its error propagation, we propose a hypothesis parameter 
separation scheme [8]. 
 
Fig. 2. Hypothesis parameter separation. 
In the proposed approach, these two sets of hypothesis 
parameters are separated in the bitstream to greatly reduce 
the impact of a single-frame loss. The hypothesis parameters 
of the mth MB of the kth frame is separated and embedded 
into the mth MBs of the kth frame and the (k-1)th frame, 
respectively, as illustrated in Fig. 2. For more detail 
discussion of the hypothesis parameter separation scheme 
please refer to [8]. 
B. Reference interleaving 
The design of 2HMCP shown in Fig. 1 may suffer from 
burst losses a lot, since both hypotheses will be lost in the 
original 2HMCP when a burst-loss of length larger than two 
happens. We propose a “Reference Interleaving” scheme to 
mitigate the impact of a burst-loss with a length of 2 or more 
[8]. In our method, we consider only the cases with burst-
length of 2 or less, because [7] shown that the average burst 
length caused by random packet loss is around 1.5 to 2.  
 
Fig. 3. Reference interleaving. 
Fig. 3 illustrates the Reference Interleaving method with 
an interleaving distance of two to combat against packet 
losses with a length of 2 or less. In this figure, the two 
hypotheses are selected from the (k-1)th and (k-3)th reference 
frames, respectively. 
3.2. Decoder-side error resilience tool 
At the decoder, we propose an efficient method, namely 
“Clean Hypothesis Formation” [8] as illustrated in Fig. 4, to 
further mitigate the error propagation effect due to random 
and burst packet losses.  Assume that frame k is lost during 
transmission. At the decoder side, the predictions of MBs 
within subsequent frames (k and k+1) which contain the 
hypothesis predicted from frame k-1 will only be estimated 
with the error-free hypothesis. That is, the corrupted 
hypotheses are discarded when constructing the predictions 
of the subsequent frame at the decoder side. For more detail 
discussion of the Clean Hypothesis Formation scheme please 
also refer to [8]. 
 
Fig. 4. Clean hypothesis formation. 
3.3. Joint error resilience coding 
Since the proposed error resilience coding tools are 
orthogonal to each other, they can be combined together to 
further benefit from each other. Simulation results show that 
the joint method which combines the “hypothesis parameter 
separation + reference interleaving” method (denoted as ENC) 
with the “clean hypothesis formation” (denoted as DEC) 
method works fine for burst-loss situations; whereas the ENC 
tool performs better for single-loss situations. We propose to 
combine the ENC and DEC methods with a little 
modification. If the frame before the lost frame, which is the 
reference of the second hypothesis of the current frame is not 
lost during transmission, then the DEC tool is disabled. 
3.4. Analysis of the joint error resilience coding 
method 
The error propagation of proposed adaptive joint method 
is analyzed and compared to the original MHMCP in this 
section. Assume that the k-th frame is lost during 
transmission, with the proposed HP Separation, the k-th 
frame can be reconstructed by the first-half hypothesis 
parameters. The mismatch between decoder and encoder of 
the k-th frame is as fallows. 
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Similarly, the distortions of the subsequent frames due to 
error propagation can be expressed as the following recursive 
equations. 
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Compared to the original MHMCP coder, it is obvious 
that the distortions of frame k+1 and frame k+2 with the 
proposed scheme, as shown above, become much smaller, 
since e[k+1] of the proposed scheme is proportional to the 
difference between the two hypotheses, whereas, in the 
original 2HMCP, e[k+1] is proportional to the frame 
difference. The difference of two hypotheses is usually much 
smaller than the difference of two consecutive frames. 
Therefore the proposed scheme will always provide better 
reconstruction for single-frame loss. 
For burst-loss situations, the difference between error-free 
reconstructed frames and the decoder reconstructed frames 
(with transmission error) can be expressed as follows. 
[ ] [ ]
"
41
))3,4(                   
)1,4()1(]3[(             
41
))3,4(                   
)1,4()1()3,4(]3[(]4[
31
])[)1(]2[(]3[
21
)))1,2()1,2(((             
21
))1,2(                  
)1,2()1()1,2((]2[
11
]))1[()1,(                
)2,1()1(),1((            
11
))1,(1~(1
])[())1,()3,(()1(       
])[()1,()3,()1()1,(       
)1,(][~][
⋅+
⋅++−
++⋅−++⋅=
⋅+
⋅++−
++⋅−+++⋅++⋅=+
⋅+
⋅⋅−++⋅=+
⋅+
⋅−+−++⋅=
⋅+
⋅−+−
−+⋅−+++⋅=+
⋅+
⋅++−−
−+⋅−++⋅=
⋅+
⋅−−+=+
+−−−⋅−=
+−−−⋅−+−⋅=
−−=
γ
θψ
ψ
γ
θψ
ψψ
γ
θ
γ
θψψ
γ
θψ
ψψ
γ
θψ
ψψ
γ
θψ
ψψ
ψψψ
ψ
kk
kkhkeh
kk
kkhkkhkehke
kehkehke
kkkkh
kk
kkhkkhke
krQkk
kkhkkh
kkkfke
krQkkkkh
krQkkkkhkkh
kkkfke
 
The above analysis shows that the proposed scheme does 
achieve better resilience performance than the original 
2HMCP coder. Fig. 5 shows that the proposed theoretic 
model is rather accurate. In these simulations, θ and γ are 
constants. For the Foreman sequence, they are set to 1 and 
0.3, respectively. 
0
100000
200000
300000
400000
500000
600000
700000
1 21 41 61 81Frame No after the loss frame
Fr
am
e D
iff
ere
nc
e
Actual
Model
 
Fig. 5. Comparison of the derived model and the actual 
distortion with a single-frame (frame #50) loss for the 
Foreman sequence. 
3.5. Adaptive Intra-Refresh 
The 2HMCP reacts to a packet loss swiftly, but it cannot 
completely recover from the packet loss. As for intra-refresh 
methods, it recovers from packet loss slowly but in long term 
will completely eliminate the error propagations [7]. Due to 
this reason, combining the intra-refresh tool with the 
proposed 2HMCP may do a better job. Our simulation results 
justify that the combined method is able to compensate for 
the drawback of the 2HMCP coder, while benefiting from the 
merits of 2HMCP a lot. 
In order to have better error resilience performance, we 
also propose an adaptive intra-refresh scheme based on our 
2HMCP coder. This algorithm estimates the loss distortion of 
each MB by using the proposed distortion model developed 
in our thesis before deciding the intra-refresh priority list. 
The priority decision is summarized as follows: 
Step 1. Encode the video with the GOP (group of pictures) 
structure: IPPMMM…IPPMMM… 
Step 2. Collect distortion_cost for each MB in frame n, 
]1[][cos_ ++= keketdistortion  
Step 3. When encoding frame n+1 with the proposed 
2HMCP, sort the distortion_cost for MBs in frame n 
and MBs with larger distortion_cost will be intra-
refreshed. 
Step 4. Perform Steps 2 and 3 iteratively to encode the rest 
M-frames in the current GOP until all the M-frames 
are processed.  Go to Step 1 to encode the next GOP. 
4. Experimental results 
In our experiments, the H.264 reference codec, JM7.3, is 
modified to support 2HMCP. Several QCIF (176x144) 
standard test sequences are used for simulation. And the 
experimental environment of [8] was be used again. Fig. 6 
shows the rate-PSNR curves for the Stefan sequences, where 
the PSNR is the average PSNR value among the 300 frames 
for 10 error patterns (PLR = 5%). The results show that the 
proposed 2HMCP with 5% IR outperforms the Inter-MCP 
with 10% IR by about 1 dB on average. Fig. 7 illustrates the 
frame-by-frame performance comparisons for the Stefan 
sequence with error pattern #7 and QP = 30. The proposed 
method evidently yields a significant improvement on error 
resilience over the original 2HMCP coder.  
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Extensive experiments show that the adaptive 
combination always achieves better resilience except for only 
a few special cases. Fig. 8 depicts error resilience 
performance comparison of the single-hypothesis MCP, the 
original 2HMCP, 2HMCP with direct combination of 
ENC+DEC. We can observe that the proposed combination 
of encoder and decoder error resilience tools always yields 
significantly better results than the original 2HMCP. 
The performances of the proposed 2HMCP with adaptive 
IR and random IR are compared in Fig. 9 for the Stefan 
sequences. From Fig. 9, we can see that the proposed 
adaptive IR scheme reacts to channel error more swiftly than 
the random IR, leading to about 0.2~0.3 dB average PSNR 
improvements for the corrupted frames.  
5. Conclusion 
In this paper, we proposed efficient schemes for 
enhancing the error resiliency of 2HMCP, especially for burst 
error conditions. We have shown that combining the 
proposed 2HMCP with random IR can achieve faster error 
recovery speed. We have also proposed an adaptive IR 
scheme to further improve the error recovery capability of the 
proposed MHMCP coder. Extensive simulation results show 
that the proposed methods effectively and quickly mitigates 
the error propagation and the penalty on coding efficiency for 
clean channels due to the inserted error resilience features is 
rather minor.  
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Fig. 6. Average rate-PSNR performance for Stefan (PLR=5%, 
10 error patterns). 
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Fig. 7. Frame by frame PSNR comparison of Inter-MCP, 
2HMCP, and proposed 2HMCP with three IR rates for 
Stefan (QP = 30, Error pattern #2) 
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Fig. 8. Rate-PSNR performance comparisons of four 
methods for the Carphone sequence (QP = 12, PLR = 5%). 
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Fig. 9. Frame-by-frame PSNR performances of the proposed 
MHMCP with fixed and adaptive IR for Stefan (QP = 12, 
error pattern #2). 
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